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(57) ABSTRACT 
A clock generator is used in a non-volatile memory to 
generate a timing signal for clocking a sense amplifier. 
The timing signal duration is timed using circuit fea 
tures which also affect the rate with which data can be 
sensed by the sense amplifier. The clock generator in 
cludes a reference word line which is analogous to an 
accessed word line, a memory cell which establishes a 
reference current analogous to that provided by an 
accessed cell, and a current mirror which uses the refer 
ence current to charge a reference line analogous to a 
bit line. The duration of the timing signal is established 
by the reference line reaching a predetermined voltage. 

3 Claims, 6 Drawing Figures 

  

  

  

  



U.S. Patent Feb. 23, 1988 Sheet 1 of 3 4,727,519 

ADDRESS)SS: SO BE 
11- y SR 17 C>-DO 

DD BP 16 CE 

l 
(d 
Z 
L 
1. 
t 
l 
l 

1. 

13 

1. 

C 
Z 
> 

1. 1. 1. 

32 34 36 
8 38 39 L 

Va. 14 
3 a 
5 fa R2 42 
g an ----- all 
St 33 35 37 O 

1. 

  



U.S. Patent Feb. 23, 1988 Sheet 2 of 3 4,727,519 

D 
52 

45 AIG 2 

VDs 
WDD 

ID 52 Af7G 3 

45 

O WDD so 

D 

FTC 4 
45 

52 

W. Vos 
DD 

ID 

Af7G 6 
45 

52 
SO 

O 



U.S. Patent Feb. 23, 1988 Sheet 3 of 3 4,727,519 

CURRENT 
MIRROR 

78 

BP BE SR 

A.G. 6 

  

  



4,727,519 
1. 

MEMORY DEVICE INCLUDING ACLOCK 
GENERATOR WITH PROCESS TRACKING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Related subject matter is disclosed in U.S. application 
Ser. No. 807,363, entitled "Sense Amplifier For a Non 
Volatile Memory," filed Nov. 25. 1985, and assigned to 
the assignee hereof. 

FIELD OF THE INVENTION 
The present invention relates to clock generators, and 

more particularly, to clock generators which time oper 
ations which vary with process variations. 

BACKGROUND OF THE INVENTION 
Particularly, in non-volatile memories which have 

single-ended bit lines, sensing of data is desirably 
achieved with the assistance of internal clock genera 
tors. The speed with which sensing of data can occur 
varies significantly with variations in processing. In a 
typical manufacturing operation, the process which is 
used to manufacture the non-volatile memory does vary 
somewhat. Of course it is desirable to have as little 
variation as possible. There is, however, some variation 
which cannot reliably be prevented. Consequently, it is 
desirable to have devices which are functional over 
some range of process variation. Typical variations 
relate to doping concentrations, feature dimensions, and 
mask to mask alignment. These variations result in 
many different variations in device characteristics such 
as capacitance, transistor gain, resistance, and transistor 
threshold voltage. 
The rate with which data can be sensed is in the 

critical path in determining access time of the particular 
memory. In the case in which a sense amplifier is 
clocked by a timing signal in some fashion, it is neces 
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sary that the timing signal occur at the proper time. If 40 
the timing signal is too soon, the sensing may be unreli 
able or too slow, or the sensing may cause other delete 
rious effects such as using too much power or providing 
premature output switching which is spurious. If the 
timing signal is too late, there is then an unnecessary 
time penalty which causes the access time to be longer 
than it needs to be. The timing signal is thus constrained 
by needing to be long enough to achieve its intended 
purpose or purposes and short enough to take full ad 
vantage of the speed which the actual sensing occurs. 
There have been attempts to match the timing signal 
with the sensing operation which would compensate for 
some process variations. One example is described in 
"A Programmable 80 ns 1 Mb CMOS EPROM," Saito 
et al, pages 176-177, DIGEST OF TECHNICAL PA 
PERS, 1985 IEEE International Solid-State Circuits 
Conference which describes a word line which is used 
to match sensing delays related to word lines. There are 
other delays, however, that do not follow the same 
characteristic as the word line so that these delays are 
not matched over process variations by the word line. 
One example is bit line capacitance. Bit line capacitance 
also varies with voltage which is not matched in the 
word line. 

SUMMARY OF THE INVENTION 
An object of the present invention is to provide an 

improved clock generator. 
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2 
Another object of the invention is to provide a clock 

generator with improved process tracking. 
Yet another object of the invention is to provide a 

clock generator with improved tracking of the sensing 
of data in a memory. 
These and other objects are achieved in a memory 

having an array of memory cells having drains coupled 
to bit lines, wherein said drains add capacitance to the 
bit lines and wherein a memory cell is selected by an 
address. The improvement comprises a clock generator 
for generating a clock signal. The clock generator con 
prises a tracking bit line, a current circuit, and an output 
circuit. The tracking bit line has a capacitor coupled 
thereto of substantially the same voltage characteristic 
as that of drains of memory cells coupled to a bit line in 
the array. The current circuit is coupled to the tracking 
bit line and supplies current to the tracking bit line to 
charge the tracking bit line in response to an initiating 
signal. The output circuit is coupled to the tracking bit 
line and initiates the clock signal in response to the 
initiating signal and terminates the clock signal in re 
sponse to the tracking bit line reaching a predetermined 
voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a combination of a block diagram and cir 
cuit diagram of a memory according to a preferred 
embodiment of the invention; 
FIG. 2 is a graph of a transistor characteristic useful 

in understanding the memory of FIG. 1; 
FIG. 3 is a graph of a transistor characteristic useful 

in understanding the memory of FIG. 1; 
FIG. 4 is a graph of a transistor characteristic useful 

in understanding the memory of FIG. 1; 
FIG. 5 is a graph of a transistor characteristic useful 

in understanding the memory of FIG. 1; and 
FIG. 6 is a combination block and circuit diagram of 

a portion of the memory of claim 1 according to a pre 
ferred embodiment of the invention. 

DESCRIPTION OF THE INVENTION 
Shown in FIG. 1 is a memory 10 comprised generally 

of a sense amplifier 11, a memory array 12, a column 
decoder 13, a row decoder 14, an output buffer 16, a 
control clock 17, reference voltage generator 18, cou 
pling transistors 19, 20, 21, 22, 23, 24, 26, and 27, bit line 
precharge transistors 28, 29, 30, and a data line 31. Tran 
sistors 19-24 and 26-30 are N channel transistors. Mem 
ory 10 has both N and P channel transistors for control 
ling array 12. The N channel transistors have a thresh 
old voltage between 0.5 and 0.8 volt. The P channel 
transistors have a threshold voltage of between -0.5 
and -0.8 volt. Array 12 is comprised of floating gate 
transistors which are either in a low or high threshold 
state. The floating gate transistors shown in FIG. 1 
comprising array 12 are transistors 32,33,34, 35,36, and 
37; bit lines 38 39, and 40; and word lines 41 and 42. 
Floating gate transistors are EPROM cells which are 
erased to the low threshold voltage state by the applica 
tion of ultra-violet light and are electrically pro 
grammed to the high threshold state. This is conven 
tional for EPROM cells. Sense amplifier 11 is com 
prised of N channel transistors 44, 45, 46 and 47 and P 
channel transistors 51, 52, 53, and 54. 
Column decoder 13 provides a plurality of outputs 

for selecting which bit line will provide data to data line 
31. Column decoder 13, as determined by a column 
address coupled to column decoder 13, causes two of 
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these outputs to become active in order to implement 
the bit selection. The outputs shown in FIG. 1 are sig 
nals C1, C2, C3, and C4. Transistor 19 has a drain con 
nected to data line 31, a gate for receiving signal C2 
from column decoder 13, and a source. Transistor 20 5 
has a drain connected to the source of transistor 19, a 
gate for receiving signal C4 from column decoder 13, 
and a source connected to bit line 38. Transistor 21 has 
a drain connected to data line 31, a gate for receiving a 
signal C1 from column decoder 13, and a source. Tran 
sistor 22 has a drain connected to the source of transise 
tor 21, a gate for receiving signal C3 from column de 
coder 13, and a source connected to bit line 39. When 
bit line 38 is selected by the column address, column 
decoder 13 drives signals C2 and C4 active at a logic 
high so that transistors 19 and 20 couple bit line 38 to 
data line 31. When bit line 39 is selected by the column 
address, column decoder 13 drives signals C1 and C3 
active at a logic high so that transistors 21 and 22 couple 
bit line 39 to data line 31. Transistors 23 and 24 are used 
to simulate transistor coupling pairs 19-20 and 21-22. 
Transistor 23 has a gate connected to a positive power 
supply terminal VDD for receiving a positive power 
supply voltage such as 5 volts, a drain, and a source. 
Transistor 24 has a drain connected to the source of 25 
transistor 23, a gate connected to WDD, and a drain 
connected to bit line 40. 

Reference voltage generator 18 has an output which 
provides a reference voltage VR at about 2.1 volts. 
Voltage VR is used to limit the voltage on a selected bit 30 
line such as one of bit lines 38 and 39. Voltage VR limits 
bit line voltage via data line 31. The voltage is limited 
on data line 31 via transistor 26. Transistor 26 has a 
drain connected to a data input of sense amplifier 11, a 
gate for receiving voltage VR from reference voltage 35 
generator 18, and a source connected to data line 31. 
The voltage on data line 3 is thus limited to voltage 
VR of about 2.1 volts minus the threshold voltage of 
transistor 26. This threshold voltage including body 
effect, which is well known in the art, will be nominally 40 
0.9 volt. Consequently, the voltage on data line 31 will 
be limited to about 2.1 minus 0.9 which equals 1.2 volt. 
With data line 31 limited in voltage, a selected bit line is 
also so limited. Transistor 27 is used to match the affect 
of transistor 26. Transistor 27 has a drain connected to 
a reference input of sense amplifier 11, a gate for receiv 
ing voltage VR from generator 18, and a source con 
nected to the drain of transistor 23. Transistor 27 limits 
the voltage on the drain of transistor 23 in the same way 
that transistor 26 limits the voltage on data line 31. With 
the drain of transistor 23 limited in voltage, bit line 40 is 
limited in voltage in the same way as a selected bit line 
is limited in voltage. Transistors 28-30 are used to pre 
charge bit lines 38-40 to a voltage near ground potential 
in response to a bit line precharge signal BP generated 
by control clock 17. Transistors 28, 29, and 30 each 
have a gate for receiving signal BP from clock 17, a 
source connected to ground, and a drain. The drains of 
transistors 28, 29, and 30 are connected to bit lines 38, 
39, and 40, respectively. When clock 17 drives signal 
BP active to a logic high, transistors 28-30 precharge 
bit lines 38-40 by discharging bit lines 38-40 well below 
the voltage to which bit lines 38-40 are limited by volt 
age VR and transistors 26 and 27. 

Transistors 32-37 are programmed to either a high 
threshold voltage or a low threshold voltage. The low 
threshold state is the erased state obtained after expo 
sure to ultra-violet light. Programming of array 12 is 
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4. 
achieved by selectively raising the threshold voltage of 
the floating gate transistors which comprise array 12 
such as transistors 32-35. Transistors 36 and 37 are used 
as references and are in the erased state only. Transistor 
32 has a drain connected to bit line 38, a gate connected 
to word line 41, and a source connected to ground. 
Transistor 33 has a drain connected to bit line 38, a gate 
connected to word line 42, and a source connected to 
ground. Transistor 34 has a drain connected to bit line 
39, a gate connected to word line 41, and a source con 
nected to ground. Transistor 35 has a drain connected 
to bit line 39, a gate connected to word line 42, and a 
source connected to ground. Transistor 36 has a drain 
connected to bit line 40, a gate connected to word line 
41, and a source connected to ground. Transistor 37 has 
a drain connected to bit line 40, a gate connected to 
word line 42, and a source connected to ground. Row 
decoder 14 has a plurality of row decoder output signals 
for enabling a word line as selected by a row address 
received by row decoder 14. In response to the row 
address, row decoder 14 causes one of these row de 
coder output signals to become active. This type of row 
decoder is well known in the art. Row decoder output 
signals R1 and R2 are shown as being outputs of row 
decoder 14. Row decoder 14 outputs signal Ri onto 
word line 4i and signal R2 onto word line 42. A word 
line is enabled when the row decoder output signal 
corresponding thereto is active at a logic high. Word 
line 41 is enabled when row decoder 14 provides signal 
R1 at a logic high. Word line 42 is enabled when row 
decoder 14 provides signal R2 at a logic high. When 
word line 41 is enabled, transistors 32, 34, and 36 are 
activated in accordance with the threshold voltage to 
which they are programmed. It is desirable that the 
high threshold voltage be above VDD so that the mem 
ory cell transistor having been programmed to the high 
voltage state will be completely non-conductive when 
the word line to which it is connected is enabled. The 
low voltage state is desirably well below the voltage of 
an enabled word line so that a memory cell transistor 
having the low voltage state will be highly conductive 
when the word line to which it is connected is enabled. 

In practice, however, the high threshold voltage may 
not exceed VDD. A memory cell transistor which is 
programmed to the high voltage state may in fact be 
conductive when the word line is enabled. The high and 
low threshold voltage states must then be distinguished 
on the basis of relative degree of conductivity rather 
than simply distinguishing between memory cells which 
are conductive or non-conductive. Bit line 40 and and 
the memory cells connected thereto are used as a refer 
ence for emulating an unprogrammed cell. Sense ampli 
fier 11 compares the conductivity of its reference input 
to that of its data input to determine if the selected 
memory cell which is coupled to the data input is in the 
low or high threshold state. Sense amplifier 11 provides 
a sense amplifier output signal SO at a logic high when 
the selected memory cell is in the low threshold state 
which is the relatively higher conductivity state. Signal 
SO is provided at a logic low when the selected men 
ory cell is in the high threshold voltage state which is 
the relatively lower conductivity state. Buffer 16 has an 
input for receiving signal SO and an output for provid 
ing data output signal DO. Buffer 16 receives a chip 
enable signal CE and a buffer enable signal BE. The 
chip enable signal CE is derived from an externally 
generated signal "CE which enables memory 10 at a 
logic low and disables memory 10 at a logic high. This 
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operation of memory 10 in response to signal "CE is 
conventional. Signal CE is complementary to signal 
*CE. Amplifier 11 is enabled when signal CE is a logic 
high and disabled when signal CE is a logic low. Buffer 
16 is clocked by a buffer enable signal BE received from 
clock 17. When signal BE is active, buffer 16 provides 
signal DO responsive to the logic state of signal SO. 
When signal BE is inactive, buffer 16 is inactive and 
provides signal DO as a high impedance. A buffer with 
this high impedance feature is commonly known as a 
tri-state buffer. Clock 17 includes a timing feature so 
that signal BE is provided in the active state just when 
sense amplifier 11 provides signal SO as a valid indica 
tion of the program state of the selected memory cell. 
Buffer 16 has a comparatively large drive capability 
which causes it to draw significant current when it 
changes state. Signal BE is used to hold buffer 16 in a 
predetermined state, tri-stated, until signal SO is indica 
tive of the logic state of the accessed memory cell. This 
prevents any portion of the actual sensing operation 
from being disturbed by switching transients or by noise 
coupled into array 12 which occurs when buffer 16 
switches logic states. 

Transistor 51 has a drain and a gate, which act as the 
data input of sense amplifier 11, connected to the drain 
of transistor 26, and a source connected to VDD. Tran 
sistor 54 has a drain and a gate, which act as the refer 
ence input of sense amplifier 11, connected to the drain 
of transistor 27, and a source connected to VDD. Tran 
sistor 52 has a source connected to VDD, a gate con 
nected to the drain and gate of transistor 51, and a drain 
as the output of sense amplifier 11. Transistor 44 has a 
drain connected to the drain of transistor 52, a gate for 
receiving a sense amplifier reset signal SR from clock 
17, and a source connected to a node 56. Sense amplifier 
11 is reset by signal SR becoming active at a logic high 
which causes signal SO to be a logic low. Node 56 is 
clamped to ground by transistor 47 during the operation 
of sense amplifier 11. Transistor 47 has a drain con 
nected to node 56, a gate for receiving a chip enable 
signal CE. Sense amplifier 11 is enabled by chip enable 
signal CE being active. When signal CE signal is active, 
transistor 47 clamps node 56 to ground. Signal CE is a 
signal provided externally to memory 10. When signal 
CE is active, it indicates that memory is to respond to 
the addresses it receives to either perform a read or a 
write. Thus, for operational purposes, node 56 can be 
viewed as ground. Transistor 45 has a drain connected 
to the drain of transistor 52, a source connected to node 
56, and a gate. Transistor 46 has a source connected to 
node 56, a drain and a gate connected to the gate of 
transistor 45. Transistor 53 has a drain connected to the 
gate and drain of transistor 46, a source connected to 
VDD, and a gate connected to the gate and drain of 
transistor 54. 

Sense amplifier 11 is initialized for a new sensing 
operation when signal SR becomes active which resets 
signal SO to a logic low. Signal SR is inactive as logic 
high pulse of 45-85 nanoseconds (ns) in duration. This 
duration of signal SR at a logic high varies with process 
variations. Signal SR becomes active in response to an 
address transition or in response to signal CE becoming 
active. When an address has changed, a new bit line 
and/or a new word line is selected. In response to the 
address transition, signal BP is also activated as a logic 
high pulse of about 10 ns. duration. This precharges the 
bit lines including bit line 38 below the voltage limit of 
about 1.2 volt supplied by signal VR via transistor 26. 
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6 
Assume that transistor 32 is the newly selected memory 
cell which is selected by row decoder 14 selecting word 
line 41 and column decoder 13 selecting bit line 38. 
Word line 41 is enabled and bit line 38 is coupled to data 
line 31. Transistors 32 and 36 accordingly receive logic 
high inputs on their gates. Also assume that transistor 32 
is in the erased or low threshold state which is the rela 
tively high conductivity state. Transistor 36, as a refer 
ence cell, is also in the low threshold state. All of the 
transistors in array 12 are closely matched. Conse 
quently, transistors 32 and 36 have very nearly the same 
conductivity. 

Current is supplied from transistor 51 to bit line 38. 
This current is determined by the conductivity of tran 
sistor 32 and the voltage limiting affect of signal VR. 
Transistor 54 similarly supplies current to bit line 40. 
The current supplied via transistor 54 to bit line 40 is 
determined by the conductivity of transistor 36 and the 
voltage limiting affect of signal VR. With bit lines 38 
and 40 at the same voltage and transistors 32 and 36 
having the same conductivity, the currents through 
transistors 51 and 54 are the same. Transistors 51 and 54 
are both forced into the saturation region of operation 
due to the gate to drain connection. The saturation 
region of operation is characterized as being that region 
of operation in which the current through the transistor 
is limited by the gate to source voltage and can increase 
only slightly with increases in the magnitude of the 
drain to source voltage. 

Transistors 52 and 53 form current mirrors with tran 
sistors 51 and 54. Transistors 51 and 52 form a current 
mirror 61 in which transistor 51 is the master and tran 
sistor 52 is the slave. Transistors 53 and 54 form a cur 
rent mirror 62 in which transistor 54 is the master and 
transistor 53 is the slave. The gains and thresholds of 
transistors 53 and 54 are matched to be the same. The 
actual values of the gains and thresholds of transistors 
are difficult to keep constant over process variations 
which are likely to occur. The relative gains and thresh 
olds of the same transistor types, however, are quite 
constant with process variations if care is taken in the 
layout of the transistors. The capability of maintaining 
relative gains and thresholds is known in the art. Conse 
quently, the gains and thresholds of transistors 53 and 
54 can be relied upon to be the same. The current flow 
ing through transistor 54 is thus reflected to transistor 
53 in a one to one ratio. In a current mirror configura 
tion the master is forced into the saturation region, and 
the slave has the same gate to source voltage as the 
master so that the current flowing through the slave 
will be a proportion of the current flowing through the 
master as determined by the gain ratios of the master 
and the slave so long as there is not some other mecha 
nism operating to limit the current below that estab 
lished by the gain ratios. Transistors 46 and 47 are in 
series with transistor 53 but are of sufficient gain to not 
cause current limiting through transistor 53. The cur 
rent through transistor 53 is very close to the current 
flowing through transistor 54. Transistor 46 has the 
same current as transistor 53 and therefore the same as 
transistor 54. Transistors 45 and 46 form a current mir 
ror 63 in which transistor 46 is the master and transistor 
45 is the slave. Transistor 45 is chosen to have the same 
gain as transistor 46 so that transistor 45 is limited to 
carrying no more than the current flowing through 
transistor 54. 

Transistor 52 is chosen to have a gain twice that of 
transistor 51 so that the current carrying capability of 



4,727,519 
7 

transistor 52 is twice that of the current flowing 
through transistor 51. A convenient technique to obtain 
double gain is to fabricate two identical transistors in 
parallel. This also is convenient for obtaining a match 
ing threshold voltage. In the case of selecting an unpro 
grammed memory cell, the current flowing through 
transistors 51 and 54 is virtually the same. This results in 
transistor 52 having twice the current carrying capabil 
ity of transistor 45. In such case transistor 45 is in the 
saturation region, but transistor 52 is in the triode re 
gion. Shown in FIG. 2 is the drain current versus the 
magnitude of the drain to source voltage (VDS) curves 
for transistors 52 and 45 for this described situation in 
which the current carrying capability of transistor 52 is 
twice that of transistor 45. FIG. 3 shows the same infor 
mation as FIG. 2 except that instead of drain current 
being plotted against the magnitude of VDS, drain cur 
rent is plotted against drain to source voltage as repre 
sented by the voltage of signal SO. The intersection of 
the curves is the voltage at which signal SO will be as a 
result of transistor 52 having twice the current carrying 
capability of transistor 45. The resulting voltage of 
signal SO is very near VDD as shown in FIG. 3. Buffer 
16 thus easily recognizes signal SO as a logic high for 
the case in which a selected memory cell is in the low 
threshold state. 
For the case in which the selected memory cell, tran 

sistor 32 in the present example, is in the high threshold 
voltage state, the conductivity of the selected memory 
cell is much less than the selected reference cell, refer 
ence cell 36 in the present example. The current 
through transistor 32 as the selected memory cell is 
determined by the voltage on bit line 38 and the the 
conductivity of transistor 32. With the conductivity 
substantially reduced for the high threshold state and 
the bit-line voltage the same, the current is substantially 

... reduced in comparison to the low threshold voltage 
state. Typically, the conductivity of transistor 32 will be 
at least 10 times less for the high threshold voltage state 
than for the low threshold voltage state. Sense amplifier 
11, however, is effective even if the conductivity ratio 
of low threshold voltage to high threshold voltage is 
much less than 10. Assume for example a ratio of four to 
one between logic states so that the current drawn from 
transistor 51 by transistor 32 is one fourth of that drawn 
from transistor 54 by transistor 36. The current carrying 
capability of transistor 45 is equal to the current flowing 
through transistor 54. Because, in this example, the 
current flowing through transistor 54 is four times that 
flowing through transistor 51, the current carrying 
capability of transistor 45 is four times the current flow 
ing through transistor 51. The current carrying capabil 
ity of transistor 52 is equal to twice the current flowing 
through transistor 51. Therefore, the current carrying 
capability of transistor 45 is twice that of transistor 52. 
Shown in FIG. 4 are the drain current versus the 

magnitude of the drain to source voltage curves for this 
condition in which the current carrying capability of 
transistor 45 is twice that of transistor 52. The same 
information is shown in FIG. 5 except that instead of 
the magnitude of the drain to source voltage being 
plotted versus drain current, the voltage of signal SO is 
plotted versus drain current. The intersection of the two 
curves in FIG. 5 is the resulting voltage of signal SO. 
As shown in FIG. 5 the resulting voltage of signal SO is 
very near zero or ground potential. This voltage is 
easily recognizable by buffer 16 as a logic low for the 
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case in which the selected memory cell is programmed 
to the high threshold voltage state. 
When the current carrying capability of transistor 52 

is twice as great as that of transistor 45, sense amplifier 
11 provides signal SO at a voltage easily recognizable as 
a logic high. When the current carrying capability of 
transistor 45 is twice as great as that of transistor 52, 
sense amplifier 11 provides signal SO at a voltage easily 
recognizable as a logic low. Transistors 54, 53, and 46 
act to limit the current carrying capability of transistor 
45 in relation to the conductance of a selected reference 
memory cell. Transistor 51 acts to limit the current 
carrying capability of transistor 52 in relation to the 
conductance of the selected memory cell. Transistor 54 
establishes a reference current therethrough which is 
related to the conductivity of a reference cell. Transis 
tors 46, 53, and 54 cause transistor 45 to be current 
limited to the reference current. The conductivity of 
the reference cell is made to be virtually the same as the 

0 conductivity of a memory cell in the low voltage state 
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because the reference cell is made the same as a memory 
cell and is left in the unprogrammed state which is the 
low voltage state. Transistor 51 establishes a current 
therethrough representative of the logic state of a se 
lected memory cell. When the logic state of the selected 
memory cell is the same as the reference cell, the cur 
rent through transistor 51 causes the current carrying 
capability of transistor 52 to be significantly greater 
than the current carrying capability of transistor 45. 
When the logic state of the selected memory cell is 
different than that of the reference cell, the current 
through transistor 51 causes the current carrying capa 
bility of transistor 52 to be significantly less than the 
current carrying capability of transistor 45. 
Shown in FIG. 6 is a block diagram of control clock 

17. Control clock 17 comprises an address transition 
detector (ATD) 71, inverters 72,73, and 75, amplifier 
74, a word line 76, a floating gate transistor 77, a current 
mirror 78, a bit line 79, a reset circuit 80, a NAND gate 
81, and a delay circuit 82. In response to a change in a 
column or row address transition, ATD 71 generates a 
signal PC as a logic low pulse of about 10 ns duration. 
The asterisk (*) in front of a signal is used to indicate 
that the signal is active at a logic low. Inverters 72 and 
73 each have an input for receiving signal "PC, and 
each have an output. Inverter 75 has an input coupled to 
the output of inverter 72, and an output connected to 
word line 76. Inverter 75 along with inverter 72 com 
prise the same circuit as used by row decoder 4 for 
enabling the word line. Word line 76 is made the same 
way as a word line, such as word line 41, in array 12. 
Floating gate transistor 77 is an unprogrammed floating 
gate transistor which has a gate connected to word line 
76, a drain connected to current mirror 78, and a source 
connected to ground. Transistor 77 is connected at the 
end of word line 76. Word line 76 has a plurality of 
floating gate transistors connected thereto such as tran 
sistors 83 and 84. The total number of floating gate 
transistors connected thereto is the same as for a word 
line in array 12 of FIG. 1. 
When signal PC is a logic low the output of inverter 

72 is a logic high which activates reset circuit 80 which 
is connected to the output of inverter 72. When acti 
vated, reset circuit 80 resets word line 76 and bit line 79 
to ground. Also when signal "PC is a logic low, inverter 
73 provides a logic high output to an input of amplifier 
74. Amplifier 74 has an input connected to the output of 
inverter 73, and an output for providing bit line pre 
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charge signal BP. Upon receiving the logic high from 
inverter 73, amplifier 74 switches signal BP from a logic 
low to a logic high. This causes the bit lines of array 12 
to be precharged near ground. 
When signal "PC switches back to a logic high, in 

verter 72 provides a logic low output which deactivates 
reset circuit 80 and causes inverter 75 to provide a logic 
high onto word line 76 analogously to row decoder 14 
enabling a word line. Word line 76 and the transistors 
connected thereto such as transistors 83 and 84 simu 
lates the delay in enabling a word line in array 12. The 
delay in enabling a word line in array 12 will vary with 
process variations such as polysilicon conductivity, and 
word line width and depth. These variations are 
matched with word line 76 so as to match changes in 
word line delay. Transistor 77 receives the logic high 
and in response begins drawing current from current 
mirror 78. There is a delay time from the time that 
signal PC first indicates that there has been an address 
transition by switching to a logic low and transistor 77 
being enabled. The delay is the summation of the dura 
tion of the logic low of pulse "PC, the delay of inverter 
72 and inverter 75, and the propagation delay along 
word line 76. The delay from an address transition to 
enabling transistor 77 is the same as from an address 
transition to row decoder 14 enabling a memory cell at 
the end of a word line. This is ensured because the 
circuitry used for the delay in enabling transistor 77 is 
copied from the circuitry used for enabling a memory 
cell at the end of a word line. 

Floating gate transistor 77 draws a reference current 
from current mirror 78 which current mirror 78 uses to 
provide to bit line 79. Because transistor 77 is a floating 
gate transistor, it draws current analogous to that drawn 
by a memory cell. Additionally, transistor 77 matches 
the threshold voltage of a floating gate transistor in the 
unprogrammed state such as the reference transistors 36 
and 37. Consequently, control block 17 includes track 
ing of threshold voltage variation over process varia 
tions as well as environmental variations. Current mir 
ror 78 uses the current drawn through transistor 77 to 
determine the current supplied to bit line 79 to charge 
bit line 79 to a voltage which is detected by NAND gate 
81. NAND gate 81 has a first input connected to the end 
of bit line 79, a second input for receiving signal PC, 
and an output for providing signal SR. Delay circuit 82 
has an input for receiving signal SR, and an output for 
providing signal BE. Bit line 79 is made to have analo 
gous capacitance characteristics to a bit line, such as bit 
line 38, in array 12. Each bit line 38 in array 12 has 
connected thereto the drain of floating gate transistors 
equal in number to the number of word lines. These 
drains add appreciably to the capacitance of bit line 38. 
This drain capacitance varies with process. Addition 
ally, this drain capacitance has a unique relationship 
with voltage. In order to match the behavior of bit lines 
in array 12, bit line 79 has additional capacitance added 
thereto which is of the same type as that of floating gate 
transistor drains. The floating gate drains are N-- re 
gions formed in the substrate in which memory 10 is 
formed. Accordingly, N-- regions comparable to those 
of floating gate drains are connected to bit line 79 to 
form the desired added capacitance. This added capaci 
tance is indicated by a capacitor 90 connected between 
bit line 79 and ground in FIG. 6. Capacitor 90 thus has 
comparable characteristics to that of the drain capaci 
tance on bit line 39. Consequently, variations in delay 
due to variations in drain capacitance on bit line line 39 
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10 
will cause a similar variation in delay on bit line 79. 
When bit line 79 reaches sufficient voltage to be recog 
nized as a logic high, NAND gate 81 will output signal 
SR as a logic low so long as the output of inverter 72 is 
a logic low. The output of inverter 72 is a logic low 
except in response to an address transition which causes 
signal "PC to pulse to a logic low. While signal "PC is 
a logic low, NAND gate 81 outputs signal SR at logic 
high and reset circuit 80 resets bit line 79 and word line 
76. Prior to signal "PC switching to a logic low, bit line 
79 will normally be a logic high so that NAND gate is 
supplying signal SR at logic low. Upon signal "PC 
switching to a logic low, signal SR is switched to a logic 
high and held there for the duration of signal "PC being 
a logic low. By the time signal "PC has switched back 
to a logic high, reset circuit 80 has reset bit line 79 to a 
logic low. Bit line 79 then causes NAND gate 81 to 
provide signal SR at a logic high until bit line 79 is 
charged to a logic high by word line 76 being enabled, 
transistor 77 drawing current from current mirror 78, 
and current mirror 78 supplying current to bit line 79 to 
provide the charging current which causes bit line 79 to 
reach a logic high. Signal SR is thus a logic high from 
the time an address transition is detected until bit line 79 
is charged to a logic high. This time duration from 
signal "PC switching to a logic low until bit line 79 is 
charged to a logic high for the time duration of signal 
SR being a logic high is selected for optimum perfor 
mance of sense amplifier 11. The elements selected for 
determining the logic high duration of signal SR were 
selected to match variations in memory 10 which af 
fected the speed with which data could be sensed. In 
particular, the bit line variations, the word line varia 
tions, and threshold voltage variations of the unpro 
grammed memory cells have corresponding variations 
inherently present in control block 17 which determines 
the duration of signal SR at a logic high. 

Signal SR is used to hold the drains of transistors 52 
and 45 at ground via transistor 44 until the selected bit 
line is actually ready to be read. The selected bit line is 
not ready to be read until the bit line has been charged 
because transistor 51 supplies the current which charges 
the selected bit line. When the selected memory cell has 
the high threshold voltage, the detection mechanism is 
dependent upon there being relatively little current 
flowing through transistor 51. During the charging of 
the selected bit line, however, the current through tran 
sistor 51 is not significantly smaller than that through 
transistor 54 so that signal SO would move to a logic 
high during the charging of the selected bit line if tran 
sistor 44 did not hold it to ground. Signal SO switching 
to a logic high during the charging of the selected bit 
line would occur even if the selected memory cell is in 
the high threshold voltage state. Signal SO is supposed 
to be a logic low when the selected memory cell is in 
the high threshold state. If transistor 44 did not hold 
signal SO to a logic low during the charging of the 
selected bit line, then there would be a recovery time 
for signal SO to switch back to a logic low for the case 
of a selected high threshold voltage memory cell. Of 
course when the selected memory cell is in the low 
threshold voltage state, there is a transition time for 
signal SO to switch from a logic low to a logic high. 
This transition time is less than there would be for a 
logic high to logic low transition because transistor 52 
has twice the current carrying capability of transistor 45 
so that the capacitance at the drains of transistors 45 and 
52 is quickly charged. The selected memory cell, even if 
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in high threshold state, may have some leakage current 
which would be mirrored in transistor 52 and would 
then work against a logic high to logic low transition of 
signal SO. 

12 
disabled in response to receiving a disable signal; 
and 

decoder means for coupling the selected memory cell 
to the sense amplifier in response to an address; 

The timing of signal SR is thus very critical because 5 a clock generator for providing the disable signal, com 
it must be at a logic high long enough to avoid the 
potential false transition of signal SO while not being a 
logic high so long as to prevent sense amplifier 11 from 
performing a sensing operation as soon as the selected 
bit line is ready. Consequently, great care is taken to 
ensure that signal SR occurs just as the selected bit line 
is charged. This is achieved by using the same type 
circuit elements for control clock 17 as is used in memo 
ory 10 in accessing a selected memory cell. By match 
ing the circuit elements, the timing provided by clock 
17 varies over process variations in the same way as the 
other circuitry of memory 10 which controls access 
time. Consequently, for the case in which the particular 
process provides a faster access time, clock 17 will also 
be faster so that signal SR is still provided just as a 
selected bit line is ready to be read. Clock 17 models the 
worst case access time which is for a selected memory 
cell which is at the end of a word line. Because the 
access time specification is for the worst case condition, 
there is no harm in inhibiting the access time for the 
faster locations to match the worst case location. 
We claim: 
1. In a memory comprising: 
an array comprised of word lines, bit lines, and mem 
ory cells, wherein the word lines and bit lines inter 
sect and the memory cells are located at the inter 
sections of the bit lines and word lines, each mem 
ory cell is in either a first or second state, each 
memory cell draws current representative of its 
state, and each bit line and word line has capaci 
tance; 

a sense amplifier for sensing the state of a selected 
memory cell and providing an output representa 
tive of the sensed state, said sense amplifier being 
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prising: 
address detection means for providing a transition 

signal in response to a change in the address; 
a tracking word line having capacitance which is 

proportional to that of a word line in the array; 
a tracking memory cell, coupled to the tracking word 

line, for drawing current, in response to being en 
abled, proportional to that drawn by a memory cell 
in the first state; 

driver means, coupled to the tracking word line, for 
enabling the tracking memory cell via the tracking 
word line after the transition signal has been gener 
ated; 

a tracking bit line having capacitance which is pro 
portional to that of a bit line in the array; 

a current mirror, coupled to the tracking memory cell 
and the tracking bit line, for providing a current to 
the tracking bit line proportional to the current 
drawn by the tracking memory cell; and 

level detector means, coupled to the tracking bit line 
and the address detection means, for providing the 
disable signal in response to the transition signal 
and terminating the disable signal in response to the 
bit line reaching a predetermined voltage. 

2. The clock generator of claim 1 further comprising 
reset means, coupled to the address transition means, for 
resetting the tracking word line to a predetermined 
voltage in response to the transition signal. 

3. The clock generator of claim i further comprising 
reset means, coupled to the address transition means, for 
resetting the tracking bit line to a predetermined volt 
age in response to the transition signal. 


